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Abstract
To study the structure and function of soil organic matter, soil 
scientists have performed alkali extractions for soil humic acid 
(HA) and fulvic acid (FA) fractions for more than 200 years. Over 
the last few decades aquatic scientists have used similar fractions 
of dissolved organic matter, extracted by resin adsorption 
followed by alkali desorption. Critics have claimed that alkali-
extractable fractions are laboratory artifacts, hence unsuitable 
for studying natural organic matter structure and function in 
field conditions. In response, this review first addresses specific 
conceptual concerns about humic fractions. Then we discuss 
several case studies in which HA and FA were extracted from 
soils, waters, and organic materials to address meaningful 
problems across diverse research settings. Specifically, one case 
study demonstrated the importance of humic substances for 
understanding transport and bioavailability of persistent organic 
pollutants. An understanding of metal binding sites in FA and 
HA proved essential to accurately model metal ion behavior 
in soil and water. In landscape-based studies, pesticides were 
preferentially bound to HA, reducing their mobility. Compost 
maturity and acceptability of other organic waste for land 
application were well evaluated by properties of HA extracted 
from these materials. A young humic fraction helped understand 
N cycling in paddy rice (Oryza sativa L.) soils, leading to improved 
rice management. The HA and FA fractions accurately represent 
natural organic matter across multiple environments, source 
materials, and research objectives. Studying them can help 
resolve important scientific and practical issues.
Environmental and Agricultural Relevance of Humic Fractions 
Extracted by Alkali from Soils and Natural Waters
D. C. Olk,* P. R. Bloom, E. M. Perdue, D. M. McKnight, Y. Chen, A. Farenhorst, N. Senesi, Y.-P. Chin,  
P. Schmitt-Kopplin, N. Hertkorn, and M. Harir
For more than 200 years, natural organic matter (NOM) has been extracted from soil through alkali extraction to obtain fractions for quantitative and qualita-
tive analyses. Scientists most commonly use sodium hydroxide 
(NaOH) for alkali extraction but also use potassium hydroxide 
(KOH) and sodium pyrophosphate (Na4P2O7). Alkali extraction 
can remove as much as 80% of soil organic matter (SOM) from 
a mineral soil (Stevenson, 1982). Orlov (1985) summarized the 
humic acid (HA) and fulvic acid (FA) contents of 200 samples 
of sub-Podzolic soils by stating that alkali extractions recovered 
57 ± 15% of total SOM. Alkali extractions have been used to 
address several research objectives. Perhaps the best known has 
been the elucidation of the chemical structure of NOM, often 
using wet chemical and instrumental methods that are incom-
patible with the inorganic soil matrix, thus requiring separation 
of the organic component of NOM.
Scientists who work with alkali extracts commonly divide 
SOM into three major fractions: HA, which is solubilized by 
alkali but remains insoluble in subsequent acidification; FA, 
which has been historically defined as the material soluble in 
both alkali and acid; and humin, which is the fraction that 
is not extracted by alkali. Both the HA and FA fractions can 
be considered as humic substances (HS). More recently the 
International Humic Substances Society has defined FA as 
the material that is soluble in both alkali and acid and that 
will adsorb to a nonionic resin, distinguishing it from a NOM 
fraction that is very hydrophilic even at low pH and does not 
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VIEWPOINTS ON THE FUTURE OF HUMIC SUBSTANCES RESEARCH
SPECIAL SECTION
Core Ideas
•	 Humic substances have long been extracted from soils, waters, 
and organic materials.
•	 Their chemical composition has well represented that of natural 
organic matter.
•	 Compost maturation and composition are well represented by 
their properties.
•	 Soil humic studies elucidated metal and organic xenobiotic 
binding and nutrient cycling.
•	 Their quantities and composition in soil respond to field treat-
ments.
Published March 8, 2019
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adsorb on the resin (Swift, 1996; IHSS, 2018b). The resin sorp-
tion step to purify FA was adopted from the procedure for iso-
lating HA and FA from natural waters, discussed below. Note 
that HA and FA fractions are defined operationally, not by 
chemical composition.
Aquatic scientists extract NOM from natural waters to pro-
vide concentrated samples for the study of the structure and 
behavior of aquatic NOM. Scientists often need well-charac-
terized, freeze-dried samples that can be easily stored, trans-
ported, and used to prepare concentrated solutions that are 
required for some types of analysis, such as nuclear magnetic 
resonance (NMR) spectroscopy. The average quantity of NOM 
in river waters is only about 20 mg L-1 of NOM (9.6 mg C L-1) 
(Perdue and Ritchie, 2014). Concentration by rotary evapora-
tion or reverse osmosis (RO) can be useful, but this also con-
centrates salts, which can interfere with chemical analyses and is 
especially problematic in hard water systems. As an alternative 
to concentration, various sorbents such as silica gel, alumina, 
and activated carbon had been used for HA and FA extraction 
from natural waters before it was discovered that macroporous 
resins with low polarity are effective sorbents. The method cur-
rently used by most scientists involves the use of XAD-8 resin 
(Thurman and Malcolm, 1981; Aiken, 1985), which is also 
used to separate FA from the hydrophilic fraction in NaOH 
soil extracts (Swift, 1996). Though used extensively in the past, 
this moderately polar macroporous poly(methylmethacrylate) 
resin is no longer commercially available. Supelite DAX-8 
(Sigma-Aldrich), which has the same chemistry and similar 
porosity, can be substituted for XAD-8 (Peuravuori et al., 
2002; Chow, 2006).
In the XAD-8/DAX-8 method, filtered water is acidified to 
pH 2 with HCl and passed through a column of resin, to which 
SOM components are adsorbed. The HA and FA are subse-
quently desorbed from the column with 0.1 M NaOH, followed 
by separation of FA from HA after acidification to pH 1, then by 
desalting and freeze-drying (Swift 1996). The XAD-8/DAX-8 
method is used by the International Humic Substances Society 
to prepare standard and reference samples of aquatic HA and FA 
(IHSS, 2018a).
Over the many years that strong alkali has been used in HS 
studies, critics have periodically expressed concern that alkali-
extractable fractions are laboratory artifacts and are not suitable 
to accurately study NOM processes in field conditions (Schnitzer 
and Khan, 1972; Orlov, 1985; Lehmann and Kleber, 2015). As 
part of renewed debate, this report addresses the question: Does 
the study of humic substances extracted by alkali advance our 
understanding of the dynamics and function of organic matter in 
terrestrial and aquatic ecosystems? In other words, does humic-
based research enable accurate identification of processes for 
resolving important scientific issues and practical problems in 
water and soil systems? In response, this review first responds to 
conceptual criticisms of alkaline extractions and then provides 
selected examples of published humic studies that have gener-
ated useful knowledge. These examples address environmental 
issues in both water and soil systems, as well as agricultural issues 
in soil. They are a representative selection, not a comprehensive 
review, of published studies involving alkali extractions and 
humic fractions.
General Justification for Alkali 
Extractions
Before presenting specific applications of humic fraction-
based research, we first respond to three general criticisms of 
alkali extractions that have led some scientists to presume that 
humic fractions cannot represent in situ NOM.
The first criticism is the potential for chemical alteration 
during alkali extraction. This appears a valid concern, but has 
thorough evidence for substantial alterations been presented? A 
point of debate should be the extent of its alteration—although 
the extent has seldom been quantified, much less has its specific 
impact on the results and their interpretations been discussed. 
Here, we begin to address the extent of alteration. An impor-
tant condition and widespread practice for minimizing chemical 
alteration is for alkali extractions to be performed under inert 
atmospheres, such as nitrogen gas (N2), or otherwise protected 
from all but brief contact with air.
Summarizing earlier work, Schnitzer and Khan (1972) noted 
that (i) the optical properties of HA extracted from soils with 0.5 
M NaOH and 1 M NaF were the same, (ii) carboxyl contents and 
bulk elemental compositions of HA extracted from soils with 0.4 
M NaOH and 1 M sodium fluoride (NaF) were essentially the 
same, (iii) HA extracted from soil with Na4P2O7 and NaOH were 
very similar in all respects, and (iv) FA extracted from soil using 
water or NaOH had identical properties. Schnitzer and Skinner 
(1968) reported that FA extracted from a Podzolic soil with 0.5 
M NaOH (under N2) or with 0.1 M hydrogen chloride (HCl) 
had very similar (i) bulk elemental compositions, (ii) contents of 
oxygen-containing functional groups, (iii) infrared spectra, and 
(iv) molecular weight distribution by gel permeation chromatog-
raphy. They concluded that claims of alteration during extraction 
with NaOH were exaggerated. Citing earlier work, Orlov (1985) 
summarized that soil FA recovered from water without alkali 
extraction are very similar in their properties to FA extracted by 
alkali from soil, that FA extracted from organic materials by water 
and by NaOH are similar, and that the visible reflectance spectra 
of humus-rich soils almost completely reproduced the shape and 
intensity of the reflectance spectra of soil HA.
In more recent studies, HA extracted from six uncultivated 
soils had similar chemical characteristics (as measured by 13C 
NMR analysis) as did the <1.6 Mg m-3 (occluded) density frac-
tion of aggregates (Golchin et al., 1994). The HA fraction, the 
<1.6 Mg m-3 density fraction, and four other density fractions all 
reflected the general chemical nature (e.g., degree of aromaticity 
vs. aliphaticity) for each of the six soils. Pyrolysis-field ionization 
mass spectroscopy identified the same 10 classes of biochemi-
cal compounds in a soil that were also found in its HA, FA, 
and humin fractions (Schnitzer and Monreal, 2011). Relative 
abundances of each class were identical across all three fractions 
and SOM for 8 of the 10 classes, although abundances differed 
for specific compounds. Olk et al. (2002) also used pyrolysis–
mass spectrometry to demonstrate that an increasing number 
of annual paddy rice (Oryza sativa L.) crops affected classes of 
biochemical compounds similarly in two HA fractions as in 
SOM, including trends in lignin phenol residues, fatty acids, and 
heterocyclic N. An accumulation of lignin phenols with increas-
ing paddy rice cropping was shown for both HA fractions and 
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SOM by 13C NMR and cupric oxide (CuO) oxidation, respec-
tively (Olk et al., 1996). The 13C NMR spectra of these two HA 
fractions, in coordination with spectra of the light fraction and 
particulate organic matter, approximated the spectrum for SOM 
in a corn (Zea mays L.)-soybean [Glycine max. (L.) Merr.] soil, 
lacking only the aliphatic C peak of SOM that can be attributed 
to the unextracted humin (Cao et al., 2011). Finally, Peuravuori 
et al. (2006) reported relatively minor differences between an 
HA fraction and its source lignite ore, as measured by ultravio-
let-visible, 1H NMR, 13C NMR, and Fourier-transform infrared 
spectroscopies.
In contrast to the widespread use of inert atmospheres for 
alkali extractions, modification of humic substances by exposure 
to NaOH under oxygenated atmospheres is well known, and one 
example is given here. Swift and Posner (1972) found that expo-
sure of a peat HA to oxygen gas (O2) in a 1 M NaOH solution 
for 30 d resulted in the conversion of almost half of the HA to 
FA and other low-molecular-weight compounds and the release 
of a small amount of carbon dioxide (CO2). Also, amino acid N 
was lost from the HA. Under a N2 atmosphere over 30 d, how-
ever, very little C was oxidized to CO2, the conversion to FA and 
other low molecular weight compounds was only about 15% of 
the original HA, and much less amino N was lost from the HA 
than under O2. Using a shorter extraction time (24 h) that is 
more representative of soil HS studies, Swift and Posner (1972) 
found that HA was not significantly altered by exposure to 1 M 
NaOH under N2. The more typical conditions for extraction of 
HA and FA from soils are yet milder, with 0.1 M NaOH being 
the most widely used extractant.
Strongly alkali solutions can also hydrolyze esters in NOM, 
increasing the concentration of carboxylic acid groups. Ritchie 
and Perdue (2008) studied titration hysteresis with four stan-
dard FAs and two standard HAs from the International Humic 
Substances Society. Hysteresis is evident when titration curves 
(plots of organic charge density vs. pH) for forward and reverse 
titrations are not superimposable. These acid samples were titrated 
from approximately pH 3 to 10.5 with NaOH under N2, and after 
waiting either 30 min or 24 h, they were back-titrated with HCl. 
In all cases, the organic charge density at pH 8 was used to esti-
mate carboxyl content. The concentrations of carboxyl groups 
in the samples increased by 13 to 18% during the 24-h period 
between the two reverse titrations. These observations are gener-
ally consistent with those of other studies of hysteresis (Bowles 
et al., 1989; Antweiler, 1991; Leenheer et al., 1995; Sierra et al., 
2004).
More recent data for samples taken from the Suwannee River 
(Georgia, USA) further illustrate that exposure to NaOH does 
not greatly alter NOM (Perdue et al., unpublished data). The 
samples were collected from the Suwannee River, a blackwater 
stream with very high concentrations of dissolved organic C, 
from 30 to 80 mg dissolved organic C L-1, that is highly acidic, 
with pH < 4. A variety of related samples was collected in 2003, 
including (i) the original Suwannee River water (unprocessed); 
(ii) RO-NOM (concentrated 21-fold by reverse osmosis, RO, 
in 2003; (iii) HA and FA (collected using the XAD-8 method, 
with completion of laboratory processing in 2004); and (iv) 
hydrophilic fraction (dissolved organic matter [DOM] that 
failed to adsorb to XAD-8 resin at pH 2).
These samples were obtained at the site where the Suwannee 
River drains from the Okefenokee Swamp, where the 
International Humic Substances Society isolates standard and 
reference samples of HA, FA, and RO-NOM for distribution. 
The DOM in the Suwannee River is largely derived from local 
soils by leaching with meteoric waters at non-alkaline pH. The 
RO fraction was isolated directly using RO and contains almost 
all the NOM species that occur in the water. This fraction was 
isolated with no involvement of NaOH or HCl and can be com-
pared with its corresponding HA and FA fractions that were 
isolated by adsorption–desorption using columns of XAD-8/
DAX-8 resins, which involves NaOH and HCl.
Exact molecular masses of many thousands of compounds in 
each of the above samples were determined using electrospray 
ionization Fourier-transform ion cyclotron resonance mass spec-
trometry, and CHOFIT software was used to assign molecu-
lar formulas to exact masses (Green and Perdue, 2015). Only 
molecular formulas containing C, H, O, and heteroatoms N 
(0–6 atoms) and S (0–2 atoms) were included in the calculation 
of formulas. Data for the number of formulas calculated from 
mass spectra illustrate the great diversity in the composition of 
HS (Table 1).
For comparison of the dominant peaks in mass spectra of dif-
ferent samples, the “Gold Standard” was defined as the subset of 
molecular formulas to which both the 12C and 13C isotopologues 
were assigned independently (Table 1). The Gold Standard 
requirement tends to identify the molecular formulas of rela-
tively intense peaks in a mass spectrum because of the low natural 
abundance of 13C. Thus, Gold Standard molecular formulas were 
assigned to 14.3 ± 5.9% of the fitted peaks, while they accounted 
for 26.0 ± 13.9% of fitted peak intensity.
Using only Gold Standard molecular formulas, pairwise com-
parisons were made between two samples by computing the ratio 
of the number of identical molecular formulas common to both 
samples to the number of molecular formulas for the sample with 
the lesser number of molecular formulas. When two samples 
have different numbers of molecular formulas, the lower number 
is the upper limit for the number of shared formulas. The com-
parison ratio is thus constrained to be in the range of 0 to 1. For 
example, for the 2480 molecular formulas in the original river 
water and the 1760 molecular formulas in the RO concentrate 
(RO-NOM), 1566 molecular formulas are found in both sam-
ples (0.89). It follows that the RO process is largely conservative.
Table 1. Formulas identified by Fourier-transform ion cyclotron 
resonance. 
Sample Total fit formulas†
Fit 
intensity‡ Gold CHO§ Gold NS¶
River water 13,308 6.27E+10 2460 20
RO-NOM 11,278 4.15E+10 1726 34
2004 fulvic acid 16,340 1.15E+11 3400 24
2004 humic acid 9,794 2.29E+10 724 22
Hydrophilic fraction 10,967 3.73E+10 902 68
† Total fit formulas = the number of formulas assigned by CHOFIT.
‡ Fit intensity = sum of intensity of all fit formulas, arbitrary units.
§ Gold CHO = Gold Standard formulas composed only of elements C, H, 
and O.
¶ Gold NS = Gold Standard formulas that also contain elements N and S.
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Table 2 contains comparison ratios for all pairwise combina-
tions of the five samples. Comparison ratios for river water with 
RO-NOM, HA, FA, and hydrophilic fraction ranged from 0.80 
to 0.89—a high degree of similarity that argues strongly against 
significant modification of NOM by NaOH and/or HCl when 
HA, FA, and hydrophilic NOM are obtained via the XAD-8/
DAX-8 method. The RO-NOM has the greatest similarity to 
river water (comparison ratio = 0.89). As expected, the hydro-
philic fraction was rather different from HA, with a comparison 
ratio of 0.32, while it was more similar to the FA, with a 
comparison ratio of 0.78. Somewhat unexpectedly, the 
comparison ratio for HA and RO-NOM was only 0.66.
Overall, the analysis of Fourier-transform ion cyclo-
tron resonance mass spectroscopic results demon-
strates that very minor chemical modification of NOM 
is caused by RO or by isolation of HA and FA using 
XAD-8 resin, NaOH, and HCl.
Given these findings, it may be assumed that the 
molecular formulas in detected HA, FA, and the 
hydrophilic fraction are also in the original water. 
This possibility is demonstrated graphically using two 
van Krevelen plots of H/C versus O/C atomic ratios. 
Figure 1 shows all Gold Standard molecular formulas 
that are found in the original river water and also in the 
HA, FA, and/or the hydrophilic fraction. The black 
symbols represent molecular formulas containing only 
C, H, and O, including 13C. The red symbols repre-
sent molecular formulas that also contain N and/or S. 
Figure 2 shows all Gold Standard molecular formulas 
that are found in the original river water but not in HA, 
FA, or hydrophilic fraction.
Clearly, nearly all Gold Standard molecular for-
mulas contain only C, H, and O. It is also evident that 
89.2% (100×[(2208 + 4)/(2208 + 4 + 252 + 16)]) of 
the molecular formulas in river water are also found in 
at least one of the three fractions (HA, FA, hydrophilic 
NOM). This value is quite similar to the correspond-
ing comparison ratios for this subset of samples. These 
plots demonstrate visually that most of the molecular 
formulas in river water appear in at least one of the 
fractions.
The fact that humic fractions approximated trends 
in NOM composition in the numerous studies cited 
above indicates that for soil and aquatic HS fractions 
extracted using currently recommended procedures, 
the recovered materials can reasonably depict NOM. 
We conclude that some, probably minor, modifications 
of HA and FA are likely caused by exposure to alkali 
under a N2 gas atmosphere, but by themselves, such minor modi-
fications are not grounds for dismissing humic fractions as irrel-
evant for studies of NOM behavior in field conditions.
A second—and confusing—criticism by Kleber and Johnson 
(2010) and Lehmann and Kleber (2015) presumes that use of 
alkali extractions is necessarily bound to belief in a humic mac-
romolecular structure. This structure has been popular among 
humic chemists, but already several decades ago practitioners 
of alkali extractions debated multiple other models for NOM 
Table 2. Similarity of Fourier-transform ion cyclotron resonance peaks for samples from the Suwannee River. Pairwise comparisons were made 
between two samples by computing the ratio of the number of identical Gold Standard formulas common to both samples to the number of Gold 
Standard formulas for the sample with the lesser number of Gold Standard formulas.
River water Reverse osmosis natural organic matter Humic acid Fulvic acid Hydrophilic fraction
River water x
Reverse osmosis natural 
organic matter
0.89 x
2004 fulvic acid 0.80 0.66 x
2004 humic acid 0.85 0.92 0.88 x
Hydrophilic fraction 0.84 0.84 0.32 0.78 x
Fig. 1. Van Krevelen diagram showing Gold Standard molecular formulas found 
in river water and in 2004 humic acid, 2004 fulvic acid, and/or 2014 hydrophilic 
compounds. CHO: molecular formulae containing only C, H, and O. NS: molecular 
formulae also containing N and/or S.
Fig. 2. Van Krevelen diagram showing Gold Standard molecular formulas found in 
river water but not in the 2004 humic acid, 2004 fulvic acid, or 2014 hydrophilic 
compounds. CHO: molecular formulae containing only C, H, and O. NS: molecular 
formulae also containing N and/or S.
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structure. These have included the classical model of a humic 
aromatic core (Haworth, 1971; Stevenson, 1982) but also more 
loosely arranged networks of phenols and acids (Schnitzer and 
Khan, 1972) or alkyl aromatics (Schulten and Schnitzer, 1997), 
ordered aggregates of amphiphilic molecules composed mainly 
of relatively unaltered plant polymer segments (Wershaw, 1993), 
self-assembling supramolecular units bound together by hydro-
gen and hydrophobic bonds (Piccolo, 2001; Sutton and Sposito, 
2005), mixtures of condensed domains and expanded domains 
(Xing and Chen, 1999), and no regular structure at all—that 
is, various components are randomly bound together into super 
mixtures (MacCarthy, 2001). Such compositional complexity is 
compounded by the multitude of chemical mechanisms known 
to stabilize SOM components through bonding with other 
organic components, to soil mineral surfaces, or to multivalent 
cations. They include H bonding, van der Waals forces, ionic 
attraction, and coordination complexes (Stevenson, 1994).
Molecular weight data are useful for describing the complex-
ity of the composition of humic substances. Both number-aver-
age (Mn) and weight-average (Mw) molecular weights are often 
reported in the literature. Only Mn values may be determined 
using colligative methods (e.g., cryoscopy and vapor pressure 
osmometry). Noncolligative methods (e.g., size exclusion chro-
matography [SEC], flow field-flow fractionation, ultraviolet 
scanning ultracentrifugation, and molar absorptivity–ultravio-
let spectrophotometry) provide more insight into distributions 
of molecular weight, from which both Mn and Mw are generally 
calculated (Stevenson, 1994). If there is any dispersity in molecu-
lar weights of a sample, Mw values will exceed Mn. Perdue and 
Ritchie (2014) summarized data for 130 samples of aquatic HA, 
FA, and RO-NOM (concentrated by reverse osmosis). The aver-
age Mn values of HA, FA, and RO-NOM were 1700, 834, and 
1100 Da, and the average Mw values of HA, FA, and NOM were 
3310, 1805, and 1590 Da. Recently, McAdams et al. (2018) 
reported Mn and Mw values that were determined using the most 
recent methods in high-performance size exclusion chromatog-
raphy (HPSEC) for eight samples of aquatic FA. The average Mn 
and Mw values were 627 ± 181 Da and 1394 ± 468 Da, respec-
tively. It is clear that aquatic HS contain little, if any, large macro-
molecular components, speaking against a large macromolecular 
structure.
Between 1988 and 2012, Perdue (unpublished data, 2018) 
isolated one sample of HA, three samples of FA, and six samples 
of RO-NOM from the Suwannee River, Georgia, for which Mn 
values were determined using vapor pressure osmometry. The 
average Mn values were 697, 717 ± 82, and 727 ± 77 Da for 
the HA, FA, and RO-NOM, respectively. The similarity of Mn 
values confirms that average molecular weight was not modi-
fied by exposure to strong base and acid in the XAD-8/DAX-8 
extraction procedure used for the HA and FA.
In comparison to aquatic HA, determination of the intrin-
sic molecular weight of soil HA has been much more difficult. 
Reported molecular weights for soil HA have varied from a 
few thousand to a million daltons (Stevenson, 1982, 1994). 
However, more recent studies suggest the older studies overesti-
mated molecular weights of HS components. An HPSEC study 
of 33 soil HAs yielded Mn of 1347 ± 485 and Mw of 13,200 ± 
12,000 Da. (Fujitake et al., 2012). The high apparent Mw values 
and high ratio of Mw to Mn, a measure of polydispersity, suggests 
that soil HA is more polydisperse than are aquatic HA and FA, 
with a significant content of higher molecular weight compo-
nents. Asakawa et al. (2011) also reported HPSEC data indicat-
ing Mn and Mw values for three soil HA that ranged from 2790 to 
3610 and 5350 to 28,200, respectively, with polydispersity values 
ranging from 3.1 to 14.9. Fractionation of one soil HA using a 
preparatory SEC column produced 10 humic subfractions with 
a range of molecular weights but each with low polydispersity. 
When these separated subfractions were recombined, the subse-
quent HPSEC analysis of their combined material yielded chro-
matograms similar to that of the original sample. These HPSEC 
studies further demonstrate the wide range of molecular weights 
of HS, illustrating their chemical complexity and arguing against 
one unifying structure.
Sutton and Sposito (2005) reviewed evidence for the idea 
that soil HS are “collections of diverse, relatively low molecu-
lar mass components forming dynamic associations stabilized 
by hydrophobic interactions and hydrogen bonds.” Piccolo 
(2001), for example, found that the addition of acetic acid 
(CH3COOH) can disrupt H bonds in a lignite HA and result 
in HPSEC chromatograms that show a higher content of smaller 
molecular weights than without acetic acid addition. However, 
the data also indicated a significant proportion of components 
with molecular weights of >100 kDa, even after treatment with 
acetic acid. Sutton and Sposito (2005) attributed this large frac-
tion to identifiable biomolecules. We agree that plant and micro-
bial biomolecules are important components of HS, adding to 
their chemical diversity.
In their discussion of the implications of the supramolecular 
model, Sutton and Sposito (2005) noted that soil humic sub-
stances typically possess average 14C ages ranging from hundreds 
to thousands of years, while many biomolecule components are 
normally readily decomposed by microbes. They suggested that 
binding to humic fractions can result in protection from micro-
bial degradation.
Lehmann et al. (2008) used carbon-synchrotron near edge 
X-ray fine structure spectrometry to study the distribution of 
four different classes of soil organic C in natural soil aggregates, 
and they found spatial segregation at the nanoscale. They were 
easily able to identify black carbon nanoparticles as areas very 
dense in aromatic C but low in the three other classes of C: ali-
phatic, carboxylic, and phenolic/pyrimidine or imidazole. They 
also identified a wide distribution of clusters containing different 
ratios of the four classes of C, including some areas with little 
or no aromatic C. This variability argues against SOM being 
predominantly large polymers of somewhat similar composition 
(Schmidt et al., 2011), but it is compatible with the argument 
that HS (and SOM) are composed of a variety of biomolecules 
and products of abiotic reactions.
The complexity of HS is further illustrated by Hertkorn et 
al. (2008), who compared molecular formulas found by electro-
spray ionization Fourier-transform ion cyclotron resonance mass 
spectrometry in FA from the Suwannee River with the theo-
retically possible formulas within a range of molecular weights, 
H/C, and O/C. Estimating from their figure 7, approximately 
80% of all possible CHO formulas having molecular weight of 
250 to 650 Da, H/C of 0.42 to 1.38, and O/C of 0.16 to 0.64 
were found in the FA. This is an incredible level of complexity 
for a natural sample. These results confirm the futility of trying 
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to account for all observed properties of HS in a single average 
molecular “structure,” because those properties might in reality 
be distributed among thousands of compounds.
The molecular-structure debates will continue among practi-
tioners of all NOM extraction procedures, while practical appli-
cations of humic fractions will proceed independently. Many 
researchers use alkali extractions to obtain representative NOM 
fractions to study NOM chemical structure, elemental cycling 
involving NOM, or its interactions with nutrients, metals, or 
pesticides. Successful application of their results is not contin-
gent on the existence of a theoretical humic macromolecular 
structure, as is demonstrated in the case studies we present below.
Finally, a third criticism, related to the conjectured humic 
macromolecular structure, claims there is no evidence for the 
occurrence of “humification,” which would bring about the 
unique structures in soil not inherited directly from organisms, 
as advocated by Haworth (1971), Stevenson (1982, 1994), and 
others. Humification has been generally defined as an accumu-
lation over time of lipid-derived alkyl compounds, aromatic 
compounds with carboxyl and phenolic substituents, along with 
depletion of carbohydrates and amino acids (Zech et al., 1997). 
Critics instead attributed the abundance of aromatic compounds 
in humic fractions to unwanted chemical alterations that occur 
during alkali extraction (Kleber and Johnson, 2010). Schmidt 
et al. (2011) and Lehmann and Kleber (2015) also argued that 
lignin, often presumed to be the long-term source of aromatic 
compounds, degrades as quickly in soil as do all other classes of 
biochemical compounds and therefore its degradation products 
cannot evolve into a long-lasting aromatic core of humic struc-
tures. Lehmann and Kleber (2015) proposed what they call the 
soil continuum model for the evolution of all soil C to CO2, a 
model that does not involve preferential preservation of lignin-
derived components or any abiotic reactions between NOM 
components.
In response to these criticisms, we point out that evidence 
for humification has been demonstrated in studies that do not 
involve alkali extractions. Zech et al. (1997) described its occur-
rence with increasing depth in litter-rich surface horizons of 
forest soils. During incubations of Eucalyptus litter for as short 
as 7 d, Skene et al. (1997) observed the formation of heterocyclic 
N; they hypothesized this occurrence was due to abiotic reac-
tions between specific nitrogenous compounds with lignin and 
other polyphenolic compounds.
Bernal et al. (2009) reviewed the significance of humification 
in the assessment of compost maturation and noted the numer-
ous studies that demonstrated humification in maturing com-
posts. In particular, Chen (2003) reported several studies of 13C 
NMR and pyrolysis–gas chromatography–mass spectrometry 
that showed preferential degradation of carbohydrates during 
composting, resulting in relative enrichment of modified lignin 
residues. These trends have been reproduced in humic extrac-
tions of compost-amended soils (Plaza and Senesi, 2009). Bernal 
et al. (2009) also equated a humified nature of compost with 
its stability against microbial decomposition, often measured 
as diminished aerobic respiration. The authors considered the 
degree of humification as the most important measure of com-
post maturity for assessing the agricultural value of compost and 
underscored the widespread recognition of humification within 
the compost industry.
Independent lines of evidence from field and laboratory set-
tings demonstrate the relative longevity of lignin. In perhaps 
the most comprehensive global review of litter decomposi-
tion studies, Zhang et al. (2008) associated lignin content with 
increased longevity of plant material for natural ecosystems. 
Contradictory results exist in other studies, perhaps due to dif-
ferences in specific plant materials, land use, or local climatic and 
soil conditions, and the possibility that subfractions of lignin 
might differ in their labilities (Thevenot et al., 2010). Wickings 
et al. (2012) found selective preservation of lignins in corn and 
grass litters during three growing seasons, and the selective pres-
ervation became more pronounced over that time. Waggoner 
et al. (2015) and Waggoner and Hatcher (2017) showed that 
partially oxidized lignin in soil and surface waters can be trans-
formed by reactions involving OH- radicals into long-chain 
molecules containing both alicyclic rings rich in carboxyl groups 
and black-carbon-like condensed structures similarly rich in car-
boxyl groups. The proposed pathways to alicyclic molecules are a 
series of reactions known to occur during fungal degradation of 
lignin (DiDonato et al., 2016). DiDonato and Hatcher (2017) 
identified alicyclic molecules in soil HA. These types of func-
tional groups have been commonly reported elsewhere in studies 
on the chemical nature of HA components. This type of reaction 
pathway would result in the inability of current phenol analyses 
to detect lignin-derived phenolic groups, when the lignin resi-
dues persist at stages short of complete oxidation.
Across longer time periods, carbon-14 dating of multiple 
humic fractions extracted from the same soil has determined 
older 14C age (older mean residence time or smaller fraction of 
modern values) for those fractions that show larger proportions 
of aromatic and carboxyl C or other chemical signals of more 
humified NOM (Campbell et al., 1967; Olk et al., 1995, 1996; 
Arai et al., 1996; Legorreta-Padilla, 2005). A gradual trend over 
geologic time toward a dominant accumulation of aromatic com-
pounds paired with depletion of carbohydrates and amino acids 
is well known for the temporal sequence from composts through 
peats onto lignite and then hard coals. The dominance of aro-
matic C by the lignite stage was attributed by González-Vila et 
al. (1996), Peuravuori et al. (2006), and Wang et al. (2017) to 
transformation of lignin residues that were apparent at earlier 
stages. Reviewing the chemical structure of coal, Haenel (1992) 
considered lignin, in terms of quantity, as possibly the single 
most important source material of coal, even though lignin 
residues are not prevalent in coal. Carbohydrate depletion and 
aromatic compound enrichment over geologic time were also 
demonstrated by 13C NMR analysis of HA fractions extracted 
from peat, leonardite, and coal by Piccolo et al. (1996) and Lu 
et al. (2000).
We postulate that humification is a valid set of processes that 
occur over time and that humic fraction studies of humification 
reasonably depict changes over time in NOM. It has always been 
clear that humification has both biological and abiotic compo-
nents (Stevenson, 1994; Gerke, 2018). Microbial processes likely 
provide the energy needed to drive chemical rearrangements, 
but it is still disputed whether the altered chemical nature is 
due entirely to microbially driven production of new materials 
or whether it also includes abiotically driven reconfigurations of 
transient-state molecules that form during degradation. Multiple 
explanations have been proposed for the exact processes that 
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result in more humified materials, including progressive micro-
bial oxidation and abiotic alterations of biomolecules (Zech 
et al., 1997), alteration of lignin initiated by hydroxyl radicals 
(Waggoner et al., 2015), or deposition of complex microbial 
polyketides (alkyaromatic, polyaromatic, and polyphenolic 
compounds) that can undergo further abiotic transformations 
(Schnitzer and Monreal, 2011). Reactive oxygen species might 
drive photochemical alterations of terrestrial NOM during 
transport from rivers to marine bodies (Waggoner et al., 2017). 
Polymerization of phenolic residues from lignin degradation can 
be catalyzed by exoenzymes (Gerke, 2018), and HA components 
can increase in molecular weight due to covalent linkages cata-
lyzed by peroxidase (Cozzolino and Piccolo, 2002). Enzymatic 
coupling reactions have also been shown for xenobiotic phenolic 
compounds, which form covalent bonds to HS in the presence 
of phenoloxidase enzymes (Dec and Bollag, 2000). Similar enzy-
matic-catalyzed coupling to humic constituents can also occur 
for xenobiotic analines (Dec and Bollag, 2000). Distinguishing 
all specific roles of each mode of alteration has not yet been 
achieved (Schnitzer and Monreal, 2011). This area deserves fur-
ther investigation.
It can thus be concluded that some, probably minor, chemi-
cal modifications of HA and FA are likely caused by exposure 
to NaOH. Nevertheless, HS closely represent persistent NOM 
components and are therefore useful tools for studying the struc-
ture and functions of NOM in soil and water. We also conclude 
that humification is a real process in natural settings, regardless 
of whether NOM consists of specified macromolecular aromatic 
structures or not.
The following section presents case studies that address how 
humic fractions can be used in environmental research to gain 
an understanding of important processes involving NOM in soil 
and water.
Case Studies
Reactions between Persistent Organic Pollutants and 
Humic Fractions in Dissolved Organic Matter
Dissolved organic matter and the humic fraction in particular 
are known to bind persistent organic pollutants (POPs) through 
hydrophobic interactions (Uhle et al., 1999; Wei-Haas et al. 
(2014) and references therein). While this binding may result in 
natural water concentrations higher than would be expected for 
these sparingly soluble organic compounds, it is the speciation 
of POPs by humic DOM that ultimately affects their aquatic 
fate. For example, humic binding makes POPs less bioavail-
able to organisms (Akkanen and Kukkonen, 2003), yet binding 
could mediate various reactions that affect attenuation, such as 
sorption and photochemical degradation reactions (Remucal, 
2014). The degree to which this binding occurs is dependent 
on both the POP and humic DOM properties, such as octanol/
water partition coefficients (KOW) and other determinants of 
polarity. Because humic DOM is significantly more polar than 
octanol, humic DOM partition coefficients (KDOM) are typically 
1 to 10% of the analytes’ KOW values (Chiou et al., 1986; Chin 
et al., 1997; Neale et al., 2011, 2012; Wei-Haas et al., 2014). 
Persistent organic pollutants that have a KOW of 104 L kg-1 or 
greater will readily partition into humic DOM with KDOM values 
of >102 to 103 L kg-1, depending on the humic DOM properties.
The importance of humic DOM properties in determining 
the strength of this partitioning was demonstrated by Uhle et al. 
(1999). In solubility-enhancement experiments conducted using 
FAs isolated by XAD-8 chromatography from the Great Dismal 
Swamp (a temperate wetland in Virginia, USA) and from Pony 
Lake (a hypereutrophic saline pond in Antarctica), the plant–
soil-derived FA from the Great Dismal Swamp had much higher 
binding constants for three substituted polychlorinated biphe-
nyl congeners compared with the Pony Lake FA (Table 3). These 
results indicate that the greater aromaticity and polarizability of 
the Great Dismal Swamp FA enable stronger interactions with 
the polychlorinated biphenyls and explain why the humic DOM 
fraction, given its greater aromaticity, is more important than 
other fractions of DOM in controlling the speciation of POPs 
in aquatic ecosystems.
The partitioning of hydrophobic POPs into humic DOM 
can affect its photochemical fate. For example, nonpolar analytes 
that are susceptible to oxidation by singlet oxygen (1O2) are more 
rapidly degraded if they can partition into the humic DOM 
phase, which is a potent 1O2 photosensitizer (Latch and McNeill, 
2006). Thus, humic DOM can participate in the photoreduction 
of halogenated hydrophobic POPs such as hexachlorobenzene, 
whereby the analyte partitions into the excited state of humic 
DOM, which in turn acts as both an electron and hydrogen 
donor (Uhle et al., 1999; Grannas et al., 2012; Remucal, 2014; 
Porras et al., 2014). Thus, humic DOM plays a critical role in 
the photochemical fate of POPs by sensitizing the reaction that 
renders many compounds susceptible to degradation through 
indirect pathways.
These photolytic pathways are expected to be particularly 
important in the Arctic, where POPs are concentrated due 
to global-scale distillation processes (Hageman et al., 2015), 
resulting in bioconcentration or biomagnification of POPs in 
food webs of significance for subsistence-hunting communities. 
During periods of near-continuous sunlight, surface waters are 
ice-free, and concentrations of humic DOM are high due to the 
flushing of the tundra by snowmelt. Grannas et al. (2012) stud-
ied the photosensitization process with humic DOM isolated 
Table 3. Octanol/water partition coefficient (KOW) values for selected polychlorinated biphenyls (PCBs) and dissolved organic C partition coefficients 
(KDOC) values for PCBs for partitioning into fulvic acid (FA).
PCB
Pony Lake FA
KDOC (L/kg DOC†)
(95% CI)
Great Dismal Swamp FA
KDOC (L/kg of DOC)
aqueous solubility
(mol/L) PCP log KOW
2,2¢,5 4,620 ± 720‡ 14,400 ± 3,700 1.98 × 10-6 4.73 ± 0.72; n = 9
2,2¢,5,6¢ 4,270 ± 400 14,300 ± 2,200 1.63 × 10-7 5.46; n = 1
3,3¢,4,4¢ 38,000 ± 5,800 52,300 ± 7,500 1.87 × 10-9 6.23 ± 0.44; n = 5
† DOC, dissolved organic carbon.
‡ Confidence interval.
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from different Arctic surface waters and found that humic DOM 
stimulated the photodegradation of hexachlorobenzene (Fig. 3) 
but not of lindane (hexachlorocyclohexane), which does not 
have an affinity for humic DOM (data not shown).
In summary, the aromatic nature of humic substances makes 
them especially effective binders of some POPs. Their binding 
was shown in these examples to alter the ecological persistence 
of POPs in compound-specific manners. Hence, the chemi-
cal interactions between POPs and HS have clear significance 
for explaining solubility and longevity of POPs in aquatic 
ecosystems.
Modeling of Metal Ion Binding in Soils
The retention of plant-available metal ions in soils is largely 
due to association with carboxyl and hydroxyl weak acid groups 
in humic substances. This includes divalent exchangeable cations, 
such as Ca2+ and Mg2+, trivalent Al3+, which is abundant in acid 
soils, and environmentally important metal cations such as Cd2+, 
Fe2+, Fe3+, Cr3+, Co2+, Cu2+, Ni2+, and Pb2+. The weak acid groups 
also provide most of the pH-dependent charge and pH buffering 
in noncalcareous surface soils (Bloom et al., 2005; Bloom and 
Skyllberg, 2012). At low soil pH, the weak acid groups are bound 
to H+ and Al3+, while at higher pH the charge-neutralizing ions 
are mostly Ca2+ and Mg2+.
Several investigators have developed computer-based models 
for calculating H+ and metal ion binding to humic substances, 
using binding constants developed from data for HA and FA. 
These include the NICA–Donnan model (Kinniburgh et al., 
1996), Model VII (Tipping et al., 2011), and the Stockholm 
humic model (SHM, Gustafsson, 2001). The NICA–Donnan 
model is a continuous distribution model, whereas Model VII 
and the SHM are discrete site models. In this case study, we illus-
trate how these models can be used to understand the behavior of 
metals and metal ion–HS interactions in soils by discussing some 
applications of the SHM.
In the development of the SHM, Gustafsson (2001) assumed 
two classes of sites defined by central pKa values that each define 
four binding sites, ±(DpKa + 2DpKa). This results in eight 
distinct pKa values (Gustafsson, 2001) and is similar to the 
approach taken by Tipping et al. (2011) in Model VII. The SHM 
is implemented in Visual MINTEQ, a freely available equilib-
rium speciation model (Gustafsson, 2019). Gustafsson (2001) 
reported central pKa values for the stronger acid sites of 3 to 
4.45 (carboxyl) and 8.4 to 9.2 (mostly phenolic) for the weaker 
acid sites in HA and FA. In addition, the SHM includes a term 
to account for electrostatic effects. In the case of divalent ions, 
both monodentate and bidentate complexation are allowed. For 
bidentate binding, SHM allows for metal association with two 
of the stronger acid carboxyl sites or with one carboxyl group 
and one OH. The model also allows for nonspecific electrostatic 
binding of weakly bound ions.
Gustafsson (2001) conducted an evaluation of SHM for H+ 
binding and the binding of Ca2+, Cd2 +, Pb2+, Cu2+, and Al3+ by a 
peat HA over a pH range of 4 to 10 at ionic strengths of 0.01 and 
0.1 M. This study also included evaluation of Ca–Cd, Ca–Al, 
and Pb–Al competition. The results showed the model 
did well in describing H+ binding and H+/metal-ion 
interactions with the HA over a wide range of solu-
tion concentrations, and it adequately described Cd 
competition with Ca, but it did less well for Ca–Al and 
Pb–Al competition. The model also did not describe 
well the effects of ionic strength on metal ion bind-
ing (Gustafsson, 2001). In a subsequent batch study of 
two mor layer forest soils, Gustafsson and van Schaik 
(2003) reparameterized the model and generated 
generic constants for use in soil metal–humic model-
ing. This gave better results but underpredicted soluble 
Cu and Pb, two very strongly bound ions, due to the 
failure to account for the Cu and Pb associated with 
soluble FA.
When binding to soluble FA was included in the 
SHM modeling of data from a column study of heavy 
metal leaching of two moderately contaminated urban 
soils (34 and 17 g organic C kg-1 soil), the modeling 
successfully predicted the solution concentrations of 
Cu2+, Cr3+, and Pb2+. In solution, these ions are mostly 
associated with soluble FA. The model was also able 
to predict that solution concentrations of Cd, Ni, and 
Zn would increase with additions of sodium chloride 
(NaCl) to the leaching solution and that salt had little 
effect on the strongly bound ions, Cu2+, Cr3+, and Pb2+.
In a batch study of eight Spodosols, Tiberg et al. 
(2018) investigated the sorption of Pb and Cd in Bs 
horizons that contained poorly crystalline oxyhydrox-
ides of Al and Fe. The authors included in the SHM 
model a high affinity adsorption site for Pb in addition 
Fig. 3. Effect of humic dissolved organic matter (DOM) on photodegradation of 
hexachlorobenzene (HCB) in different Arctic surface waters. Plots show differences 
in degradation rates with and without irradiation in water samples with DOM. First-
order decay constants (calculated from the slopes of the linearized data for initial 
time points of decay curves) for HCB degradation in the presence of humic DOM 
were determined from different surface waters and one whole water sample from 
Toolik Lake, Alaska. The experiments were conducted under different conditions in 
both laboratory and field settings. Error bars represent the 90% confidence interval, 
calculated using analysis of variance, of linearized concentration data from repli-
cate experiments. Source: Grannas et al. (2012).
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to the weaker sites that had been included in their generic param-
eters. This site was needed to account for the underprediction of 
soluble Pb at low additions (Gustafsson et al., 2011). They also 
had to reparameterize the active humic fraction of SOM from 
the generic value of 0.55 to about 0.10, and it varied with the 
soil. This was necessary because of the adsorption of HS to, and 
inclusion into, Fe and Al oxyhydroxides. Also, the point of zero 
charge of the Fe oxyhydroxide was increased to account for the 
sorption of HS. When the changes were made, Visual MINTEQ 
was able to predict solution Cd and Pb over a wide pH range. 
Both Cd and Pb were found to be bound mostly to SOM, with a 
small fraction of the Pb associated with ferrihydrite.
These modeling studies of metal ion binding to solid phase 
HA and FA in SOM and soluble FA illustrate how mechanistic 
modeling based on an understanding of humic substances not 
only can provide tools for prediction but also can be used to help 
gain an understanding of the role of SOM in the retention and 
mobility of metal ions in soils.
Pesticide Sorption in Soils
Based on an estimate using Google Scholar (https://scholar.
google.com/), about 10% of the peer-reviewed articles discussing 
HS refer to their interactions with pesticides. Humic substances 
are of interest because they are generally more chemically reac-
tive with pesticides than are nonhumified materials (Farenhorst, 
2006). Humic fractions are relatively unique in that they are, by 
definition, heterogeneous in molecular weight and structure as 
influenced by their environment and time (Niederer et al., 2007; 
Amir et al., 2010). Despite this heterogeneity, generalized state-
ments can be made about the extent to which various types of 
HS interact with pesticides, indicating reproducible behavior of 
HS in pesticide studies. For example, during incubations under 
controlled conditions, pesticides tend to have a greater affin-
ity for HA than FA, and a greater affinity for HS richer in aro-
matic C than in aliphatic C (Chiou et al., 1986; Piccolo et al., 
1992; Kulikova and Perminova, 2002; Farenhorst et al., 2010; 
Chowdhury et al., 2014). Also, a number of studies reported 
that pesticides have a greater affinity for HS derived in terrestrial 
than in aquatic environments (Chiou et al., 1986; Niederer et al., 
2007), and HS with larger molecular sizes sorb more strongly to 
pesticides than do those with smaller molecular sizes (Piccolo et 
al., 1992, 1996).
A range of techniques has been used to aid in the characteriza-
tion of HS, particularly Fourier-transform infrared spectroscopy, 
13C NMR spectroscopy, and, increasingly, synchrotron-based 
Fourier-transform infrared–attenuated total reflectance spec-
troscopy and carbon near edge X-ray fine structure spectroscopy 
(Davis et al., 1999; Kulikova and Perminova, 2002; Solomon 
et al., 2005; Christl and Kretzschmar, 2007; Amir et al., 2010; 
Prietzel et al., 2018). The application of these techniques has 
contributed significantly to our knowledge of the mechanisms 
responsible for pesticide sorption to HS (Piccolo et al., 1996; 
Wang et al., 2011; Dutta et al., 2015). Pesticides can be catego-
rized as cationic, ionizable (i.e., weakly acidic, weakly basic, or 
zwitterionic), or nonionic (nonpolar) molecules. Charge transfer 
and ionic bonding are mechanisms that specifically apply to the 
sorption of cationic pesticides by HS (Senesi and Chen, 1989; 
Senesi, 1992). For nonionic pesticides, hydrophobic bonding 
(partitioning) is most common, but other possible mechanisms 
for sorption by HS include charge-transfer complexes, covalent 
bonding, hydrogen bonding, and Van der Waals attractions 
(Senesi and Chen, 1989; Senesi, 1992). Bonding mechanisms 
commonly observed for ionizable pesticides and HS include 
charge-transfer (electron donor–acceptor) complexes, hydrogen 
bonding, ligand exchange, and Van der Waals attractions (Fusi et 
al., 1988; Senesi and Chen, 1989; Hermosin and Cornejo, 1993; 
Piccolo and Celano, 1994; Senesi et al., 1995, 1997; Ferreira et 
al., 2002; Sheals et al., 2002).
It is generally accepted that for most pesticides, the pesticide 
sorption capacity of a soil is determined by characteristics of its 
organic components. Yet, for soil samples collected along a cat-
enary sequence, the sorption of a pesticide per unit organic C 
(KOC) was not significantly correlated with SOC (Farenhorst et 
al., 2010). However, KOC was significantly correlated with the 
amount of HA that was extracted by NaOH from these soils, 
as well as with parameters indicative of greater HA and SOC 
aromaticity. Similarly, SOM aromaticity was the only factor to 
explain the observed variations in pesticide KOC values across 
soils collected from a wide range of ecosystems in Australia and 
Pakistan (Ahmad et al., 2001). Thus, the aromatic content of soil 
may be the decisive factor for sorption of some pesticides, and 
this parameter is better estimated by HA content than by SOC.
Pesticide sorption parameters are among the most sensitive 
input parameters in pesticide fate models (Dubus et al., 2003; 
Fan et al., 2008; Farenhorst et al., 2009; Nolan et al., 2015). 
These models are essential tools in regulatory exposure assess-
ments of currently used pesticides and in the registration process 
of new pesticide products. Knowledge of the spatial variability of 
pesticide sorption parameters in soil landscapes has been found 
to be more important to the refinement of risk assessments than 
the choice of the pesticide fate model itself (Dann et al., 2006). 
Since HS affect the value of a pesticide sorption parameter in 
soil, advancing knowledge of the spatial distribution of HS and 
their characteristics in soil landscapes could play an important 
role in the refinement of regulatory exposure assessments that 
rely on pesticide fate modeling.
Humic Acid as an Indicator of Compost Maturity and the 
Capacity of Compost to Enhance Plant Growth
Composting is a management tool for treating organic wastes 
that results in rapid humification and formation of products that 
are much more stable than raw wastes. Compost can be used as 
a soil amendment in agricultural or horticultural production 
and as a high-quality peat substitute for container-grown plants 
(Chen et al., 1985, 1988; Chen and Hadar, 1986; Inbar et al., 
1989). During composting, total alkali-extractible HS increases 
with time and the newly formed HS resemble those of “young” 
HS formed in soils (Niemeyer et al., 1992).
Composting of municipal solid waste has been studied 
extensively since industrialized countries began to emphasize the 
recycling of solid wastes, especially municipal solid waste, due 
to its vast and rapidly growing quantities and a severe decrease 
in availability of landfill space. Composting of municipal 
solid waste has the capacity to reduce the volume and mass by 
approximately 50%, resulting in a product that can be beneficial 
to agriculture (He et al., 1992). In a study of municipal solid 
waste composting over 132 d, the HA content of the compost 
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increased to a maximum plateau at Day 112 and the compost at 
this time produced the highest plant dry weight in a cucumber 
bioassay of compost maturity (Chefetz et al., 1996). The authors 
concluded that their plant-growth bioassay, HA content, and 
diffuse reflectance infrared Fourier transform spectra of the 
composting materials provided reliable and useful parameters 
for determining compost maturity.
Senesi and coworkers studied the products of an abiotic 
treatment of olive oil mill wastewater that was designed to 
eliminate problems associated with the anaerobic soil condi-
tions caused by direct land application (Senesi and Brunetti, 
1996; Brunetti et al., 2008). Abiotic catalysis with manganese 
(IV) oxide plus bubbling with air for 30 and 60 d tripled the 
extractable HA content of the wastewater compared with open 
air treatment in a lagoon for the same time period. The HA pro-
duced after 60 d with abiotic catalysis was similar chemically 
to soil HA, which encouraged adoption of the abiotic cataly-
sis (Brunetti et al., 2008). This treatment has been successfully 
adopted industrially to induce humification in wastewaters 
before their application as liquid amendments to agricultural 
soils, especially in semiarid regions.
Soil Humic Fractions as Indicators of Soil Organic Matter 
Responses to Organic Amendments
Plaza and Senesi (2009) reviewed nearly 30 studies in which 
HA fractions were extracted for chemical characterization from 
soils that had received organic amendments of various natures, 
including animal manures, composts, sewage sludge, and olive 
oil mill wastewaters. The authors compared the chemical prop-
erties of the extracted humic fractions with those from corre-
sponding unamended control soils. All compositional analyses 
detected some level of alteration in humic properties following 
organic amendments, suggesting that the organic amendments 
had been partially incorporated into the humic fraction, but 
the degree of change varied by analysis. For example, the humic 
fractions from amended soils showed elemental compositions 
intermediate between each amendment and the native humic 
fractions from the unamended control soils. Intermediate 
values for the humic fractions of amended soils were also 
observed for the ratio of light absorption at 465 and 665 mm, 
(E4/E6 ratio), fluorescence spectra, Fourier-transform infrared 
spectra, 13C NMR spectra, organic free radical concentrations, 
and types and strengths of metal bonding. In some cases, the 
HA responses strengthened with increasing rate of amendment 
incorporation, while a limited number of time series studies 
showed a gradual diminishing of the alteration with increasing 
time after application. These results indicate that the HS frac-
tions were responsive to recent land management, in this case 
organic amendments.
Soil Humic Fractions as Indicators of Young Soil Organic 
Matter for Nutrient Cycling in Agriculture
Soil organic matter pools can cycle over timescales ranging 
from weeks or months to millennia. Determining the contribu-
tions of SOM in production agriculture requires the study of 
SOM fractions that cycle over relatively short timescales so that 
they match the generally recent histories of agricultural practices.
Extraction procedures for young SOM fractions are often 
based on disrupting soil agents that stabilize SOM against 
short-term cycling, including binding to clay mineral surfaces 
(Christensen, 1992), aggregation (Tisdall and Oades, 1982; Six 
et al., 2004; Sutton and Sposito, 2005), and polyvalent cations 
(Baldock and Skjemstad, 2000). One of the most common soil 
cations, Ca2+, can stabilize organic ligands against microbial 
decomposition in controlled conditions, and its soil abundance 
has been positively linked to SOM levels in the field (Baldock 
and Skjemstad, 2000).
To explore the capacity of Ca binding to distinguish more 
recalcitrant SOM from labile materials, Olk and colleagues 
followed previous studies by Tyrurin (Kononova, 1966) and 
Campbell et al. (1967) in modifying alkali extraction to recover 
an HA fraction not bound to Ca (Olk, 2006). This unbound 
mobile humic acid (MHA) fraction was extracted by NaOH 
before the routine soil decalcification step of repeated HCl 
washes (Swift, 1996), while the Ca-bound calcium humate 
(CaHA) fraction was extracted by NaOH immediately after soil 
decalcification.
In multiple studies, MHA has shown the characteristics of 
young SOM—modern 14C age (Campbell et al., 1967; Olk et 
al., 1995, 1996), relatively high N and H concentrations, and 
the significant presence of multiple C and organic P forms, 
including labile compounds (Mahieu et al., 2002). By contrast, 
the chemical composition of the CaHA was dominated by 
compounds associated with more advanced humification—car-
boxyl-C, unsubstituted aromatic C, organic free radicals, het-
erocyclic N, and monoester P (Mahieu et al., 2002), together 
with greater 14C age (Campbell et al., 1967; Olk et al., 1995, 
1996). Characterization studies of CaHA and MHA have been 
performed on soils cropped to cotton (Gossypium spp.), rice, 
and wheat (Triticum spp.). Corn–soybean soils have given sim-
ilar results with or without animal manure amendment (Mao 
et al., 2008; Cao et al., 2011; He et al., 2011; Wingeyer et al., 
2012).
Characterization of both fractions has enabled a meaning-
ful understanding of soil nutrient cycling and soil-C forms. 
Seeking to explain the kinetic parameters in a two-pool first- 
and zero-order model for net N mineralization in paddy rice 
soils, Ve et al. (2004) predicted only 27 and 36% of the vari-
ability in the rate constants of both pools through stepwise 
regression against soil properties. Inclusion of extracted HA 
mass and chemical nature parameters for the MHA and CaHA 
into the regressions improved their predictions to 64 and 75%, 
respectively. The biochemical natures of the MHA and CaHA 
varied reproducibly in rice field trials in response to fertilizer 
treatments and the number of annual paddy rice crops, estab-
lishing highly significant correlations of humic visible light 
absorption, organic free radical levels, and H concentrations 
with the proportions of functional groups measured by 13C, 31P, 
and 15N NMR (Mahieu et al., 2002). These correlations under-
score the reliability of extracting humic fractions for nutrient-
cycling studies.
Following is a case study in which chemical characterization 
of the MHA and CaHA fractions proved useful for elucidating 
soil C and nutrient cycling in paddy rice soils. The HA results 
guided the development of improved rice management practices.
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Soil Organic Matter and Soil N Cycling for the 
Sustainability of Monoculture Paddy Rice
Long-term field trials of double- and triple-cropped mono-
culture paddy rice in the Philippines have shown a striking 
long-term yield decline across multiple decades (Cassman et al., 
1995). Agronomic evidence suggests that the decline is due pri-
marily to a late-season decrease in crop uptake of N mineralized 
from SOM, despite maintained or increased quantities of soil 
N in these SOM-rich soils and continued plant uptake of fertil-
izer N. In a series of publications, Olk and colleagues found that 
the MHA and CaHA fractions from these long-term field trials 
responded in quantity and chemical nature to the degree of rice 
cropping intensity, especially the MHA (Olk, 2006). Analysis of 
these humic fractions found that under monoculture paddy rice, 
phenolic lignin residues accumulated in the HA fractions and 
soil N cycling was inhibited during the flooded conditions that 
prevail during a paddy-rice growing season. Schmidt-Rohr et al. 
(2004) used advanced NMR spectroscopy to identify an anilide 
structure in the MHA fraction of a triple-cropped rice soil and 
concluded this aromatic N structure formed through the pres-
ence of phenolic lignin residues. Together, this body of work pro-
vides a plausible mechanism for explaining the long-term yield 
declines by postulating the binding of soil organic N forms with 
phenolic lignin residues during the flooded soil conditions of the 
rice-growing season.
This hypothesis was tested in Arkansas, where introduction 
of a continuous rice monoculture (one annual crop) led within a 
few years to a 19% grain yield loss compared with the dominant 
rice–soybean rotation (Anders et al., 2004, 2007). Rice leaf N 
concentrations suggested a late-season N deficiency, similar to 
the Philippines’ yield decline. Nitrogen fertilizer was applied only 
once early in the season, compelling late-season crop N uptake to 
become dependent on soil N mineralization. Olk et al. (2009) 
applied the concepts gained from HS research in the Philippines 
to measure whole soil properties of the low-C Arkansas soils and 
reported an accumulation of soil phenols under continuous rice 
monoculture compared with rice–soybean rotation. Similar to 
the Philippines study, 15N-fertilizer measurements demonstrated 
that late-season crop uptake of soil N was inhibited under con-
tinuous rice cropping compared with rice following soybean, 
while plant uptake of fertilizer N was relatively unaffected. These 
measurements on whole soil N and crop tissue N in Arkansas 
agreed with the hypothesis developed through HA extractions 
from the considerably richer in C Philippines soils. Therefore, 
the humic-based studies in the Philippines paddy soils were reli-
able proxies for SOM processes in the Arkansas paddy soils.
Based on the association of long-term flooded soil condi-
tions with soil phenol accumulation and inhibition of soil N 
cycling in both the Philippines and Arkansas, together with the 
desire to conserve water, new crop management treatments were 
designed that used alternate wetting and drying cycles to increase 
soil aeration during the cropping period, in part to degrade phe-
nolic lignin residues that may bind soil N forms. When coor-
dinated with timely N fertilizer applications, these treatments 
were subsequently shown to reduce irrigation water needs by 
>25%, greenhouse gas emissions by nearly 90%, fungal disease 
incidence, and grain contents of arsenic and mercury (Massey et 
al., 2014; Linquist et al., 2015; LaHue et al., 2016).
Based on these multiple benefits, the in-season aeration treat-
ments are now recommended and supported by the USDA-
NRCS for sustainable rice production and are currently used 
on about 45,000 ha in US rice fields, with further increases 
planned to more than 200,000 ha. They are also now recom-
mended internationally through the Sustainable Rice Platform 
(http://www.sustainablerice.org/) as a means of achieving sus-
tainable rice production. Their development was partially based 
on concepts gained through HA extraction and characterization, 
demonstrating that HA fractions can represent SOM dynam-
ics under crop management treatments and that the generated 
information can be successfully applied to resolve issues of soil 
nutrient cycling and agronomic sustainability. Overall, the stud-
ies cited herein demonstrate the capacity of soil humic fractions 
to respond reproducibly in quantity and chemical nature to envi-
ronmental conditions.
Discussion and Conclusion
Humic and fulvic acids are composed of a vast array of 
components. They contain both biological molecules and the 
products of humification reactions, and the majority of their 
components have molecular weights much lower than thought 
several decades ago. Based on reviews of the soil and aquatic lit-
eratures presented here, any modifications of HA and FA that are 
caused by exposure to NaOH appear to be minor. The construc-
tive applications of HS presented in this review demonstrate that 
a minor degree of modification does not diminish the validity of 
humic fractions in representing NOM. In short, HS accurately 
reproduced the chemical nature of their source materials in soils, 
waters, and organic sediments. They are not laboratory artifacts 
that arise from reactions caused by NaOH. Instead, they are suit-
able for the study of NOM processes in field conditions, thereby 
refuting Lehmann and Kleber (2015).
Evidence is presented here for the occurrence of humifica-
tion in studies that did not use alkali extraction. These included 
increasing ages of composts and geologic organic deposits, 
increasing depth in forest soils, and decomposition of plant litter 
material. There is convincing evidence that coupling reactions 
involving phenolic compounds with other phenolic compounds 
and with HA contribute to humification. In addition, there is 
evidence that reactions of OH- radicals with partially oxidized 
lignin produce polyaromatic and alicyclic products. This is in 
contradiction to the argument of Lehmann and Kleber (2015) 
that the formation of SOM involves only biological reactions.
The alkali extraction procedures described in this review are 
practical for extracting both soil and aquatic organic fractions, 
and they provide fractions whose properties help explain NOM 
composition, behavior, and chemical cycling in these media. 
Specifically, an understanding of the properties and chemi-
cal makeup of HS was key to understanding environmental 
pollution due to POPs, toxic metals, and pesticides, as well as 
the effects on soil performance of land management practices, 
including organic amendments. A modified alkali extraction 
procedure obtained two soil HA fractions that differed consis-
tently in their chemical composition and degree of humification. 
The younger HA fraction extracted without prior removal of Ca, 
which can stabilize HA in soil, was shown to be useful in gaining 
an understanding of N cycling in intensively cropped paddy rice 
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soils, leading to improved crop management options for revers-
ing long-term grain yield declines.
The studies presented here demonstrate the use of alkali-
extracted humic fractions to resolve practical and scientifically 
important issues without invoking any preconception of humic 
molecular structure. Indeed, the best evidence presented here 
shows that HA and FA are composed of a vast array of com-
ponents, and it is not reasonable to propose a single structure. 
Efforts by Lehmann and Kleber (2015) and others to link use of 
alkali extractions to a belief in a defined aromatic macromolecu-
lar structure of HS may hinder a constructive dialogue among 
practitioners of different fractionation procedures. The existence 
of humification is not predicated on a defined humic molecular 
structure. Gradual alteration in the chemical structures of NOM 
components does not require them to comprise a specific macro-
molecular structure.
This report has illustrated scientific advances and practical 
solutions to issues that were realized through the study of HS, 
and in cases that would not have been clearly identified merely 
through study of total NOM or perhaps alternative fractionation 
procedures. We reject the argument by Lehmann and Kleber 
(2015) that all research involving humic fractions is “hamper-
ing scientific progress.” The terms humic fraction and fulvic frac-
tion are concise descriptions of substances that are indeed more 
humified than other NOM components. We believe scientific 
progress would be enhanced if opposing researchers would (i) 
stop insisting that alkali extractions are necessarily bound to 
belief in a macromolecular humic structure and (ii) acknowledge 
the mass of evidence that alkali extractions do produce fractions 
that reasonably represent NOM, instead of presuming that the 
potential for chemical alteration is by itself sufficient proof for 
unacceptable alteration (Semenov et al., 2013; Lehmann and 
Kleber, 2015).
Lehmann and Kleber (2015) proposed the soil continuum 
model as a framework for understanding NOM, in which mate-
rials amended to soils degrade solely into successively smaller 
molecules. In light of evidence presented in this report, the soil 
continuum model appears simplistic. It presumes that the chemi-
cal nature of amended material has no effect on its subsequent 
degradation rate, whereas literature reviewed above indicates 
the relative longevity of lignin residues, sometimes in forms 
that currently popular chemical analyses do not recognize as 
lignin residues. Preferential degradation of carbohydrates and 
proteinaceous compounds and preferential accumulation of 
lipid-derived alkyl compounds with increasing age were found 
in a number of studies, as reviewed above. The soil continuum 
model also fails to account for substantial chemical alterations of 
materials following incorporation into soil. Yet the occurrence of 
humification has been demonstrated in studies described herein, 
including those that did not involve alkali extractions or that 
associated increasing humification nature with increasing 14C age 
of HS. Study of humic fractions enables greater focus on more 
aromatic components of NOM, which can play specific roles in 
NOM cycling and behavior.
We maintain that alkali extractions are a suitable approach 
for studying the chemical nature and activity of NOM in ter-
restrial and aquatic processes. Declaring humic fractionation to 
be an unacceptable approach to NOM would first require refuta-
tion of all accomplishments described in this report. How can a 
fatally flawed procedure generate the quality of results described 
here, in both water and soil systems, and for both environmental 
and agricultural purposes? A fatally flawed procedure is incapa-
ble of such constructive results. Therefore, humic fractions are a 
suitable approach to NOM.
Yet we agree that humic fractionation is neither a perfect 
nor a complete approach to studying SOM. For example, aggre-
gate-based fractions are much more suitable for study of SOM 
positioning within the three-dimensional architecture of soil. 
Particulate organic matter has been used impressively to demon-
strate long-term C losses with tillage of native soils (Cambardella 
and Elliott, 1992). But humic extractions allow the study of 
other, more chemically based stabilization modes, such as vary-
ing stages of humification or intrinsic chemical recalcitrance, 
binding with soil minerals, and Ca and Al binding.
More broadly, we maintain that SOM can be stabilized 
through multiple modes, which will vary in their relative signifi-
cance by soil properties and land management practices (e.g., no-
tillage vs. tillage, puddling of rice soils). Stabilization of SOM 
components creates pools of varying cycling rates, which gener-
ates the need to distinguish them based on research objectives. 
Yet every procedure for extracting NOM fractions becomes 
imperfect at some point; none will fully distinguish all labile 
NOM from all recalcitrant NOM for all research objectives and 
for water, soil, and organic substances in all possible settings. 
Fractionations of all types share the undesirable potential for 
overlap of NOM materials among fractions during extraction. 
There will be situations and research objectives that are better 
suited to one fractionation approach than to others. This con-
cept should be the guide for selection of a fractionation proce-
dure, not the insistence that one imperfect procedure is more 
flawed than all other imperfect procedures.
As an example, aquatic scientists use methods other than 
XAD-8/DAX-8 and XAD-4 to obtain DOM fractions for dif-
ferent types of studies. They include extraction with other types 
of resins (e.g., Li and Minor, 2015) and RO for waters with very 
low ionic strength and high DOM, or RO coupled with electro-
dialysis to remove salts from more typical surface waters (Vetter 
et al., 2007; Koprivnjak et al., 2009).
There have been multiple calls for integrated use of chemi-
cal and physical fractionations to better approximate the real-
ity that SOM is a complex mixture of many components and 
can be bound in any soil through multiple stabilization agents 
(Trumbore and Zheng, 1996; Olk and Gregorich, 2006; von 
Lützow et al., 2007). A 2004 symposium summarized by 
Olk and Gregorich (2006) was organized to encourage con-
structive interaction among practitioners of these imperfect 
approaches. Unfortunately, the tenor of discussion among 
practitioners has too often degraded to attacks based on selec-
tive literature reviews. Once again, we call on soil and aquatic 
researchers of NOM to recognize all honest data sources and 
acknowledge strengths and shortcomings of each fraction-
ation procedure when interpreting results. Each fraction-
ation procedure in current use for studying NOM, including 
alkali extraction for humic fractions, has limitations. Yet 
each procedure can and has provided useful results—within 
the bounds of its capabilities—that would not be possible by 
studying only total NOM.
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